Deer antlers are the only mammalian organs that can be repeatedly regenerated; each year, these complex structures are shed and then regrow to be used for display and fighting. To date, the molecular mechanisms controlling antler regeneration are not well understood. Vitamin A and its derivatives, retinoic acids, play important roles in embryonic skeletal development. Here, we provide several lines of evidence consistent with retinoids playing a functional role in controlling cellular differentiation during bone formation in the regenerating antler. Three receptors (␣, ␤, ␥) for both the retinoic acid receptor (RAR) and retinoid X receptor (RXR) families show distinct patterns of expression in the growing antler tip, the site of endochondral ossification. RAR␣ and RXR␤ are expressed in skin ("velvet") and the underlying perichondrium. In cartilage, which is vascularised, RXR␤ is specifically expressed in chondrocytes, which express type II collagen, and RAR␣ in perivascular cells, which also express type I collagen, a marker of the osteoblast phenotype. High-performance liquid chromatography analysis shows significant amounts of Vitamin A (retinol) in antler tissues at all stages of differentiation. The metabolites all-trans-RA and 4-oxo-RA are found in skin, perichondrium, cartilage, bone, and periosteum. The RXR ligand, 9-cis-RA, is found in perichondrium, mineralised cartilage, and bone. To further define sites of RA synthesis in antler, we immunolocalised retinaldehyde dehydrogenase type 2 (RALDH-2), a major retinoic acid-generating enzyme. RALDH-2 is expressed in the skin and perichondrium and in perivascular cells in cartilage, although chondroprogenitors and chondrocytes express very low levels. At sites of bone formation, differentiated osteoblasts which express the bone-specific protein osteocalcin express high levels of RALDH2. The effect of RA on antler cell differentiation was studied in vitro; all-trans-RA inhibits expression of the chondrocyte phenotype, an effect that is blocked by addition of the RAR antagonist Ro41-5253. In monolayer cultures of mesenchymal progenitor cells, all-trans-RA increases the expression of alkaline phosphatase, a marker of the osteoblastic phenotype. In summary, this study has shown that antler tissues contain endogenous retinoids, including 9-cis RA, and the enzyme RALDH2 that generates RA. Sites of RA synthesis in antler correspond closely with the localisation of cells which express receptors for these ligands and which respond to the effects of RA. © 2002 Elsevier Science (USA)
INTRODUCTION
The ability to regenerate large sections of the body plan is restricted to lower organisms and urodele amphibians, such as the newt and axolotl; an adult newt can regenerate a number of amputated tissues, including the limb, eye, jaws, and tail (Goss, 1969; Slack, 1980; Brockes, 1997) . Warmblooded animals cannot replace complex structures, with one exception: the antlers of deer, which are shed and regrown each year throughout an animal's life (Goss, 1983) . Immediately after the old antlers are shed a blastema forms and bone is regenerated by a modified form of endochondral bone development (Banks and Newbry, 1983) and by intramembranous bone formation. Longitudinal growth is by a continuous process of cellular differentiation from undifferentiated progenitors in the perichondrium into chondroblasts and chondrocytes (Fig. 1) . However, unlike embryonic or growth plate cartilage, antler cartilage is highly vascularised and both osteoblast and osteoclast progenitors
FIG. 1. Histology of the antler tip. (A)
Longitudinal section through the antler tip. S, skin; P, perichondrium; M, mesenchyme; CP, chondroprogenitors; CART, cartilage; PO, periosteum; asterisk (*) shows sites of intramembranous bone formation along the antler shaft; #, the site of endochondral bone formation. Boxes 1-3 show the areas harvested for tissue sections and cell culture. Sections were stained with H&E. The region enclosed in box 1, consisting of the skin, perichondrium, and mesenchyme, is shown in (B, C). (B) The skin contains a large number of hair follicles (H) and sebaceous glands (SG). D, dermis; E, epidermis. (B) The perichondrium has a fibrous component (P) and below this is a zone of densely packed mesenchymal cells (M). The chondroprogenitor region, outlined in box 2, is shown in section (D). Chondroprogenitor cells (CP), are orientated longitudinally and there now appear a number of vascular channels (V). The cartilage region, outlined by box 3, is shown in (E). Columns of chondrocytes (C) are surrounded by large vascular spaces (V) and perivascular tissue (indicated by arrows). Scale bars, (A) 1 cm; (B-D) 100 m; (E) 50 m.
FIG. 2.
RAR and RXR receptor expression in antler tissue. Total RNA was extracted from antler cartilage and RT-PCR performed using primers specific for each receptor. A total of 10 l of each PCR product was run on a 2% agarose gel and visualised by staining with ethidium bromide. There is only a faint band corresponding to RAR ␥ (549 bp), and of the two bands for RXR␣, the lower (321 bp) band is the correct product.
FIG. 3.
Expression patterns of RAR and RXR mRNAs in the skin, perichondrium, and mesenchyme of the growing antler. Brightfield and darkfield views of sections hybridized with 35 S-labelled control (sense) (A), RAR␣ (B), RAR␤ (C), and RXR␤ (D) probes. (A) Control (sense) probe showing only diffuse background signal. S, skin; P, fibrous perichondrium; M, mesenchyme. RAR␣, RAR␤, and RXR␤ transcripts were all expressed extensively in the skin. RAR␣ and RXR␤, but not RAR␤, were also expressed in the fibrous region of the perichondrium. However, expression of RAR␣ and RXR␤ was much lower in the subjacent zone of mesenchymal cells. Scale bars, 500 m.
can be localised in perivascular tissues which surround large vascular channels (Price et al., 1996; Faucheux et al., 2001) . Cartilage is then replaced with bone by the actions of osteoclasts and osteoblasts. Thus, at any given time, the whole spectrum of cellular differentiation and bone development can be seen in the growing antler tip. The same structural molecules appear to be involved in antler development as participate in embryonic endochondral bone development. For example, collagen types II and X and the proteoglycan aggrecan are components of the cartilage matrix (Price et al., 1996) .
Although it is well established that the growth cycle of antlers is controlled by endocrine and environmental factors (Goss, 1983) , it is not clear how these interact with local factors to control tissue growth and differentiation. Our hypothesis is that bone regeneration in deer antlers uses similar mechanisms to embryonic limb development and urodele limb regeneration. One class of molecules which plays an important role in both processes is retinoic acids (RAs), and there is some in vivo evidence that exogenous RA can influence antler growth (Kierdorf and Kierdorf, 1998; Kierdorf and Bartos, 1999) .
RAs act through two families of nuclear receptors. 9-Cis RA activates the retinoic acid receptor (RAR) family (␣, ␤, and ␥) and the retinoid X receptor (RXR) family (␣, ␤, and ␥) while all-trans and 3,4 -didehydro RA activate the RARs. Receptors form dimers and act as ligand-dependent transcription factors binding to specific response elements (see Leid et al., 1992; Chambon, 1996 for reviews). These receptors show distinct patterns of expression in the developing mouse and chick, particularly in the limbs (Smith et al., 1995; Mendelsohn et al., 1992; Dollé et al., 1989 Dollé et al., , 1994 , and these structures are frequently found to be malformed in vitamin A teratogenesis or deficiency. More recently, the generation of transgenic mice (Cash et al., 1997; Lohnes et al., , 1994 Lufkin et al., 1993; Yamaguchi et al., 1998) has identified more precisely the roles of these receptors and their agonists during embryonic development.
There is, however, functional redundancy in RA receptors, which means that receptor localisation alone does not provide sufficient information on the potential function of RA; it is also important to identify patterns of RA synthesis. The enzyme retinaldehyde dehydrogenase 2 (RALDH2) has been shown to oxidise retinaldehyde to RA and localisation of RALDH-2 expression is a valuable method for identifying regions of RA synthesis (McCaffery et al., 1993 (McCaffery et al., , 1994 Niederreither et al., 1997) . In developing embryonic tissues, this enzyme is localised to sites of RA synthesis and response (Niederreither et al., 1997; Maden et al., 1998; Moss et al., 1998; Berggren et al., 1999 Berggren et al., , 2001 ). In the embryonic chicken limb, there is little RALDH-2 in mesoderm although it is found in tendon precursor cells, in motor neurones, and in blood vessels. It is absent from cartilage but it is highly expressed in the perichondrium (Berggren et al., 1999 (Berggren et al., , 2001 . Recently, studies in transgenic mice have shown that RALDH2 insufficiency will rescue the lethal phenotype of mice in which the RA-degrading enzyme cyp26a1 has been knocked out (Niederreither et al., 2002) .
It is well established that RA is required for normal limb development; antagonism of RARs inhibits formation of the zone of polarising activity (ZPA), while RA induces an ectopic ZPA and sonic hedgehog expression (Riddle et al., 1993; Helms et al., 1996; Lu et al., 1997) . During later stages of development, chondrocytes are a critical RA target; expression of a dominant-negative RAR in developing cartilage or treatment with drugs to block retinoid signalling results in impaired endochondral bone formation (Yamaguchi et al., 1998; Koyama et al., 1999) . Treatment of the developing limb with RAR antagonists results in a failure of the development of mature type X collagen-expressing chondrocytes (Koyama et al., 1999) .
RAs have also been shown to effect chondrocytes from adult animals. Treatment of either costal or growth plate chondrocytes with RA results in a characteristic loss of the chondrocyte phenotype judged by morphology and glycosaminoglycan (GAG) synthesis (Takigawa et al., 1980; Hein et al., 1984; Wu et al., 1997; Ballock et al., 1994) . Similar effects are observed in vivo in the growth plate chondrocytes of rats administered a single dose of RA (De Luca et al., 2000) . However, RA is required for chondrocyte hypertrophy in developing cartilage (De Luca et al., 2000; Koyama et al., 1999) . With regard to osteoblastic cells, RA increases alkaline phosphatase expression in osteoblastic cell lines (Park et al., 1997; Choong et al., 1993; Grigoriadis et al., 1986) and will induce differentiation in primary cultures of both mouse and human osteoblasts (Slootweg et al., 1996; Oliva et al., 1993) . RA also appears to be an important mediator of regeneration in the newt limb. RAR␣1, when activated, will inhibit the growth of blastema cells (Schilthuis et al., 1993) . RAR␦1, an RAR␥ homologue, is expressed in the wound epidermis and underlying mesenchyme cells (Hill et al., 1993) and is involved in the induction of wound epidermisspecific genes (Pecorino et al., 1994) when RA induces secretory differentiation in the wound epidermis (Tassava, 1992) . RAR␦2 conveys positional information and specifies cells as being in a proximal location (Pecorino et al., 1996) and is responsible for the proximalisation of regenerates seen upon treatment with RA (Maden, 1982) . All-trans-RA is present in the blastema (Scadding and Maden, 1994 ) and 9-cis-RA in the wound epithelium (Viviano et al., 1995) , and local application of RA to the regeneration blastema induces duplicate digits (Sessions et al., 1989) , supporting the idea that RAs are involved in regeneration in urodeles.
This study presents evidence that RA also plays a potentially vital role in the regulation of cellular differentiation in regenerating antler bone. We demonstrate specific expression patterns of the RARs and RXRs in the antler growing tip, which do not recapitulate exactly those described in the developing limb. HPLC was used to show the presence of retinoids in antler tissues at sites of endochondral and intramembranous bone formation and identifies, for the first time, 9-cis RA in a developing bone. Further evidence that RAs are locally synthesised in antler comes from the immunohistochemical localisation of RALDH2 protein in tissues containing retinoids. We also show that in antler, as in the developing limb, chondrocytes are an important RA target; in vitro RA treatment leads to loss of the differentiated chondrocyte phenotype. However, RA also appears to play a role in controlling the differentiation of cells of the osteoblast lineage since mature osteoblasts in the antler express significant amounts of RALDH2 and RA induces mesenchymal progenitor cells to differentiate along the osteoblast lineage.
MATERIALS AND METHODS

Tissues
Antlers were harvested at post mortem from red deer stags (ϳ2 years, weight ϳ100 kg) 4 -6 weeks after the previous set had been cast. The distal growing tip was removed aseptically and sectioned longitudinally. Figure 1A is a longitudinal section through an antler tip and illustrates the regions from which tissue blocks were obtained. Half was placed in medium [Dulbecco's medium containing 10% foetal bovine serum (FBS), penicillin-streptomycin (PS) (100 IU-100 mg/ml), and fungizone (F, 2.5 mg/ml)] prior to tissue culture. Tissue fixed in 4% paraformaldehyde (PFA, pH 7.4) was paraffin-embedded for routine histology. The remaining tissue was cut into 1-cm blocks and embedded in orthochlorotuoluene (OCT compound; Merck, UK) prior to snap-freezing in isopentane slurry at Ϫ70°C. 
Note. Expression of the RARs and RXRs were determined by in situ hybridisation graded from not expressed (Ϫ) to very highly expressed (ϩϩϩϩ). RALDH2 expression was determined immunohistochemically. Chondro., chondrocytes; Perivasc., perivascular cells.
Culture of Antler Cells
All products for tissue culture were purchased from GibcoBRL (Paisley, Scotland) except when specified. For cartilage cells, tissue was dissected from the nonmineralised region of the antler tip (zones 2 and 3 in Fig. 1A ) diced into 2-to 4-mm 2 pieces, washed with Hanks' Balanced Salt Solution containing PS and F (HBSS/ PS/F) and incubated with 0.125% trypsin-EDTA for 15 min at 37°C. Following two washes in culture medium (BGJb medium supplemented with 10% FBS, PS, and F) and one wash in HBSS/ PS/F, the tissue was incubated with hyaluronidase (1 mg/ml; Sigma, Poole, UK) for 30 min at 37°C. Tissue was then washed twice with HBSS/PS/F and further digested with 0.25% type I bacterial collagenase (Sigma) in HBSS/PS/F at 37°C for 2 h (samples were vortexed every 20 min). The tissue digest was filtered through a nylon mesh (pore size 125 m) and the cell suspension was centrifuged (200g) for 10 min. Cells were washed twice in HBSS/ PS/F and then the cell pellet resuspended in culture medium and the cells counted. Digests of mesenchymal progenitor cells were prepared in the same way, except the hyaluronidase incubation was omitted.
Micromass cultures of cartilage-derived cells were established as previously described (Faucheux et al., 2001) . In brief, 2 ϫ 10 5 cells in 10 l of culture medium were spotted in the centre of 12-well culture dishes and incubated for 2 h at 37°C in 5% CO 2 /95% air before the addition of 1 ml of culture medium (Fitton Jacksons modification of BGJb medium containing 10% FBS, PS, F and Glutamate) to each well producing a micromass of around 4 mm in diameter. Medium was replaced after 48 h with either control medium (containing vehicle, ethylene glycol) or medium containing all-trans-RA (10 Ϫ6 -10 Ϫ8 M in ethylene glycol). In some experiments, all-trans-RA was added to the cultures in the presence of Ro 41-5253 (1-10 M), an antagonist of RAR signalling. During the experimental period for both control and treated cultures, medium containing FBS that had been exposed to ultraviolet light for 24 h was used. During culture, the medium containing test factors or vehicle control was changed every 2 days. After 2, 4, or 7 days, cultures were fixed in 4% PFA at 4°C for 20 min.
Alkaline Phosphatase Staining
PFA-fixed tissue sections or cell cultures were stained in the dark for 30 min by using 0.02% naphthol AS-MX phosphate as an artificial substrate coupled to fast red TR (0.1%) in 0.1 M Tris/HCl (pH 9.0) (Price et al., 1994) .
Alcian Blue Staining
Tissue sections or micromass cultures were washed with PBS (pH 7.4), rinsed twice in 3% acetic acid (pH 1.0), and then incubated with Alcian blue staining solution (1% Alcian blue in 3% acetic acid) for 30 min at room temperature. After rinsing twice in 3% acetic acid (pH 2.5) and then distilled water, the samples were dehydrated in ethanol (70% 5 min, 95% 5 min, 100% 5 min). Alcian blue staining of cultures was measured by extracting overnight in 4 M guanidine hydrochloride and measuring the absorbance at 570 nm.
Assay of Alkaline Phosphatase Activity
Monolayer cultures of mesenchymal progenitor cells, or cells derived from cartilage, were plated at a density of 20,000 cells/well in 24-well plates and treated with all-trans-RA (10 Ϫ8 -10 Ϫ6 M). Following 4 days of treatment, the ALP activity of each culture was assayed spectrophotometrically by measuring the generation of coloured reaction products and normalising to the protein content of each sample (Price et al., 1994) .
Reverse Transriptase-Polymerase Chain Reaction
Total RNA was isolated from antler cartilage by using Trizol reagent. Approximately 500 ng of RNA was used in each RT-PCR. Primers specific for each receptor (Table 1) and recognising all isoforms were annealed at 65°C for 5 min prior to synthesis of cDNA by using MMLV-RT (Stratagene) for 1 h at 42-44°C. PCR conditions were as follows: 1 cycle, 5 min, 95°C during which time TaqDNA polymerase (Promega) was added; 50 cycles, 30 s, 95°C; 2 min, 65°C; 2 min, 72°C; 1 cycle, 10 min, 72°C. PCR products of the correct size (Fig. 2) were subcloned into a pGEM-Teasy vector (Promega) and sequenced by using an ABI PRISM sequencer to verify clone identity. The RAR␣ clone was subsequently digested with SacI and EcoRI, to remove approximately 200 bp of sequence conserved in RAR ␤ and ␥, and religated into a pSK ϩ vector. These clones were then used for the generation of riboprobes for in situ hybridisation to sections.
In Situ Hybridisation
In situ hybridisations were carried out by using 35 S-labelled riboprobes on 7-m frozen sections. Briefly, sections were rehydrated in 2ϫ SSC and treated with 10 g/ml proteinase K for 10 min. After washing for 5 min in PBS, sections were fixed in 4% PFA for 20 min. Sections were then washed in PBS for 5 min and triethanolamine buffer (100 mM triethanolamine, pH 8.0) for 2 min prior to acetylation for 10 min in a freshly prepared 0.25% solution of acetic anhydride in triethanolamine buffer. Sections were then washed for 5 min each in PBS and water before dehydration in a series of ethanols and air drying. Sections were then covered with probe at 1 ϫ 10 5 cpm/l, coverslipped, and hybridised overnight at 55°C. Following hybridisation, sections were washed once at 55°C for 1 h and once at 65°C for 30 min with 50% formamide, 2ϫ SSC containing 10 mM dithiothreitol (DTT) and treated with 40 g/ml RNase A at 37°C. Slides were washed once with 50% formamide, 2ϫ SSC, 10 mM DTT and twice with 0.1ϫ SSC, 10 mM DTT at 65°C for 30 min each. Finally, the slides were coated with LM-1 emulsion (Amersham Pharmacia) and developed 2 weeks later. Sections were stained with haemotoxylin, eosin, and Alcian blue prior to mounting.
Micromass cultures for whole-mount in situ hybridisation were stored dehydrated in methanol. For hybridisations, cultures were rehydrated through a decreasing series of methanols and washed three times with PBS/0.1% Tween 20 (PTW). Cultures were then treated with proteinase K (10 g/ml) for 10 min and washed three times in PTW prior to fixation for 20 min with 4% formaldehyde/ 0.1% glutaraldehyde. Cultures were then washed twice in PTW, once in 1:1 PTW:hybridisation solution, and once in hybridisation solution (50% formamide, 1.3ϫ SSC, 5 mM EDTA, 50 g/ml yeast RNA, 0.2% Tween 20, 0.5% Chaps, 100 g/ml heparin) before prehybridisation at 65°C for 1 h. Cultures were then hybridised overnight with 1 g/ml riboprobe at 65°C. Washes, antibody incubation, and colour development were essentially as described previously (Henrique et al., 1995) , except 10% polyvinyl alcohol was added to the solution used for colour development.
Immunohistochemistry for RALDH2 and Osteocalcin in Tissue Sections
Paraffin sections were dewaxed with two changes in xylene. Sections were then rehydrated through a decreasing series of ethanols and washed twice with PBS/0.05% Triton X-100. Sections were incubated for 30 min in Immunopure peroxidase suppressor (Pierce) and then washed three times with PBS/0.05% Triton X-100. Sections were blocked for 1-2 h with 10% pig serum in PBS/0.05% Triton X-100 and incubated overnight at 4°C with a polyclonal rabbit anti-RALDH2 antibody, a polyclonal rabbit antiosteocalcin antibody, or rabbit IgG as a negative control, at a 1:200 dilution. Sections were washed three times with PBS/0.05% Triton X-100 before incubation for 1 h at room temperature with 6.5 g/ml of biotinylated multilink swine anti-goat/mouse/rabbit secondary antibody (Dako, Denmark). Sections were then developed by using a Vectastain ABC Kit (Vector Laboratories) with diaminobenzidene as substrate. After colour development, sections were stained lightly with haemotoxylin, dehydrated in ethanols, and mounted.
Analysis of Retinoid Content in Antler Tissues by High-Performance Liquid Chromatography
Tissue blocks were harvested from antlers during their rapid phase of growth (25-42 days) and immediately snap-frozen. Tissue was finely chopped while frozen on dry ice, then homogenised in cold stabilisation buffer (0.5% ascorbic acid, 0.5% EDTA, in PBS, pH 7.3). Homogenates were extracted twice by shaking with two volumes of ethyl acetate:methyl acetate 8:1 containing 50 g/ml butylated hydroxytoluene for 30 min. The organic phases were combined, dried under nitrogen, and then resuspended in 100 l of methanol. Separation was achieved by using Beckman HPLC hardware and "system gold" software. Extracts were autoinjected onto a 5-m, encapped C-18 column (Lichrospher, Merck, Germany) with equivalent precolumn and eluted at 1.5 ml/min. The mobile phases were solution A (15 mM ammonium acetate) and solution B (acetonitrile). Solvent was initially 60% A and 40% B rising to 100% B over 60 min .
RESULTS
Histology of the Growing Antler Tip
To orientate the reader, the histology of the antler tip is shown in Fig. 1 . The distal tip is protected by a covering of "velvet" skin (Figs. 1A and 1B) below which is the perichondrium, consisting of a fibrous component and a subjacent region of multipotential mesenchymal progenitor cells (Price et al., 1994 (Price et al., , 1996 (Figs. 1A and 1C) . These progenitor cells then proliferate and differentiate into chondroprogenitors (Figs. 1A and 1D ), which subsequently give rise to columns of cartilage cells (Figs. 1A and 1E ). The cartilaginous and bony regions of the antler are surrounded by the periosteum (Fig. 1A) . This is a layer of fibrous tissue together with progenitor cells that differentiate into osteoblasts. These osteoblasts produce bone by intramembranous ossification, resulting in circumferential growth of the antler shaft.
Expression of the Retinoic Acid and Retinoid X Receptors in Antler Tissues
All six receptors were expressed in antler cartilage tissues (Fig. 2) . In situ hybridisation with RNA probes generated from these fragments to sections from the tip of rapidly growing antler revealed distinct patterns of expression for each of the receptors (Figs. 3 and 4 , summarised in Table 2) .
RAR␣ transcripts were expressed extensively in the skin of the antler and the underlying perichondrium (Fig. 3B) . In the chondroprogenitor region, expression was found in a small population of cells that appeared to be associated with the vascular channels (Fig. 4C) . In cartilage, strong expression was seen in the layer of cells adjacent to the chondrocytes of the cartilage columns (Figs. 4D and 4N) , which also express collagen type I (Fig. 4B ) and alkaline phosphatase (Price et al., 1994) . Note. Retinoids were extracted from different regions of snap-frozen antler tissue harvested between 25 and 42 days of growth and analysed by HPLC. RALDH2 was detected immunohistochemically. For HPLC results, the average retinoid contents were: Ϫ, not detected; ϩ, Ͻ10; ϩ ϩ, 11-25; ϩ ϩ ϩ, 26-50; ϩ ϩ ϩ ϩ, Ͼ50 ng/g tissue. n ϭ number of antlers. Chondro., chondrocytes; Perivasc., perivascular cells.
RAR␤ was present in the skin but not in the perichondrium (Fig. 3C) . There appeared to be no expression in the chondroprogenitors (Fig. 4E) ; however, in sections of cartilage, positive cells were found at the edges of the cartilage columns and in some perivascular cells (Figs. 4F, 4O , and 4P). In agreement with the RT-PCR results, which revealed low levels of mRNA expression of RAR ␥, only a few cells expressing this receptor could be found scattered within the cartilage columns (data not shown).
RXR␣ did not appear to be widely expressed in the skin, perichondrium (data not shown), or chondroprogenitor cells (Fig. 4G) . However, in the cartilage region, some perivascular cells appeared weakly positive for this receptor (Figs. 4H  and 4Q ).
RXR ␤ is widely expressed in the skin and is also expressed in the perichondrium (Fig. 3D) . In the subjacent region of early chondroprogenitors, expression was seen in several cells dispersed within the tissue (Fig. 4I) . A high level of expression was seen throughout the chondrocytes of the cartilage columns (Figs. 4J and 4R), which also express type II collagen mRNA (Fig. 4B) .
RXR ␥ does not appear to be expressed at significant levels in the skin, perichondrium (data not shown), or chondroprogenitors (Fig. 4K) . However, expression was found in some cells in perivascular tissue adjacent to the cartilage columns (Figs. 4L and 4S) .
Whole-mount in situ hybridisation of micromass cultures showed that the expression of RAR␣, RAR␤, and RXR␤ were all maintained in vitro (Figs. 5A-5C ). The proportions of cells expressing each receptor also appeared to be similar to those seen in the cartilage region in vivo (Figs. 4D, 4F , and 4J). Thus, cells from the cartilage region, when cultured in vitro as a micromass, retain expression of the receptors required to mediate the response to RA stimulation. In micromasses treated with all-trans-RA (10 Ϫ7 M), expression of the receptors is altered. RAR␣ is downregulated compared with control cultures (Fig. 5A) . Similarly, RXR␤ is also downregulated, presumably due to a loss of the chondrocyte phenotype (Fig. 5C ). RAR␤, which contains an RA response element in its promoter, is upregulated compared with control cultures (Fig. 5B) .
Hybridisation with control sense probes showed only diffuse background levels of binding (Figs. 3A, 4A , and 4M).
Retinoic Acid Content of the Different Regions of the Growing Antler Tip
Retinol (Vitamin A) and retinoic acid content were determined by HPLC. This showed significant amounts of reti- nol in tissues at all stages of differentiation (Table 3) . However, the metabolites all-trans-RA and 4-oxo-RA were found in skin, perichondrium, cartilage, bone, and periosteum, but not in the region of chondroprogenitors. 9-cis-RA was found in the perichondrium (one of three samples), mineralised cartilage (two of four samples), and bone (one of two samples). There was significant variability between antlers in the levels of each retinoid found in the various tissues even though all antlers were harvested between 25 and 42 days of their growth.
Immunolocalisaton of RALDH2 and Osteocalcin in Tissue Sections of Antler Tip
RALDH2, which synthesises retinoic acid from retinaldehyde, was immunolocalised in the skin, perichondrium, and underlying mesenchyme of the growing antler tip (Figs.  6A-6C) . A downregulation of this enzyme occurred in the zone of chondroprogenitors (Fig. 6D ). Perivascular cells surrounding the columns of differentiated chondrocytes maintained its expression (Fig. 6E ). These cells express collagen I (Fig. 4B) and also osteocalcin at low levels ( Fig.  6F) , suggesting that this population of cells are stromal cells/osteoblast precursors. In the region of membranous bone formation and at sites of endochondral bone formation, cells differentiating along the osteoblast lineage also express high levels of RALDH2 (Figs. 6G and 6I ). These osteoblastic cells also express high levels of osteocalcin (Figs. 6H and 6J) . The fibroblastic progenitor cells in the periosteum of the antler also express RALDH2 (Fig. 6K) , but not osteocalcin (data not shown), and may therefore act as an additional source of RAs at sites of intramembraneous bone formation. Negative controls using a nonspecific IgG produced negligible background staining (Fig. 6L) .
The Effect of All-trans-RA on Chondrocyte Differentiation
In micromass cultures of cells derived from antler cartilage, Alcian blue staining provided evidence of GAG synthesis that was maintained for at least 7 days (Fig. 7A) . These cultures differ from embryonic limb micromass cultures as mature chondrocytes are initially cultured as opposed to undifferentiated mesenchymal cells used in the limb model. Treatment with all-trans-RA 10 Ϫ8 -10 Ϫ6 M resulted in a dose-and time-dependent decrease in the Alcian blue staining of the cultures (Fig. 7A) . This decrease was apparent within 2 days of treatment, at which time the GAG content of cultures had decreased to approximately 10, 21, and 72% of control for 10 Ϫ6 , 10 Ϫ7 , and 10 Ϫ8 M all-trans-RA, respectively. By 7 days of treatment, these values had fallen further to 1.5, 12, and 24% of control values, respectively (Fig. 7B) . The effects of all-trans-RA on chondrocyte differentiation were dependent on the activation of RARs as treatment with Ro 41-5253 (1-10 M), an inhibitor of RAR function, could rescue the loss of chondrocyte phenotype seen upon treatment with all-trans-RA.
Cultures treated with 10 M Ro 41-5253 were not significantly different from their respective controls (Figs. 8A and 8B) . Treatment with Ro 41-5253 (1-10 M) did not change the GAG content of control cultures.
The Effect of RA on Alkaline Phosphatase Activity in Cultures of Antler Cells
In cultures of mesenchymal cells maintained as a monolayer, treatment with all-trans-RA (10 Ϫ8 -10 Ϫ6 M) resulted in a dose-dependent increase in the activity of alkaline phosphatase (Fig. 9) .
DISCUSSION
Vitamin A and retinoic acids play an important role in skeletal development and have multiple effects in the regenerating tissues of urodele amphibians (Maden, 1982; Schilthuis et al., 1993; Pecorino et al., 1994 Pecorino et al., , 1996 Tassava, 1992) . Here, we provide several lines of evidence to show that retinoids also control cellular differentiation in antlers, the only mammalian structures capable of complete regeneration. Previous in vivo studies had indicated that RA may regulate antler development as local RA treatment of the pedicle (the extension of the frontal bone that give rise to the antler) prior to the growth of the first antler increased antler size Kierdorf, 1998, Kierdorf and Bartos, 1999) . This was suggested to occur via an increase in the proliferation of the perichondrium/periosteal cells (Kierdorf and Bartos, 1999) .
The present study has shown that RARs and RXRs are expressed in specific patterns in the antler and that the ligands for the receptors are localised to sites of receptor expression. Further evidence that RAs are locally synthesised in antler comes from the immunohistochemical localisation of RALDH2, and the distribution of this enzyme correlates well with the retinoid contents of the various regions. In antler, as in other developing cartilages, RA appears to be a critical regulator of chondrocyte differentiation. All-trans and 9-cis-RA are present in antler cartilage, chondrocytes express RXR␤, and treatment with alltrans-RA results in a loss of the chondrocyte phenotype. We also show that RAs may regulate osteoblast differentiation since RAR␣ and RALDH2 are expressed in osteoblast progenitors and treatment of mesenchymal cells with alltrans-RA promotes the osteoblastic phenotype. The observation that RALDH2 is expressed in differentiated osteoblasts and that RAs are present in antler bone provides further evidence that retinoids play a role in regulating the function of osteoblastic cells in antler.
Expression of RARs and RXRs in Growing Antler Tip
We cloned by RT-PCR the members of two families of receptors, RAR ␣, ␤, and ␥ and RXR ␣, ␤, and ␥, and analysed their expression pattern. When compared with the expression patterns seen in the developing mammalian mouse limb, some similarities and several differences were observed. In the limb, RAR␣ and ␥ expression is restricted to the perichondrium and precartilaginous models (Mendelsohn et al., 1992; Dollé et al., 1989) and downregulation of RAR ␣ is required for undifferentiated cells to progress to the chondrogenic phenotype. In micromass cultures, expression of a constitutively active RAR␣ results in decreased chondrogenesis (Cash et al., 1997) , while inhibition of RAR␣ signalling results in an increase in chondrogenesis (Weston et al., 2000) .
The expression of RAR␣ in the antler is consistent with this as it is expressed in the skin and undifferentiated cells of the perichondrium. Its expression is then downregulated in the mesenchymal cells below the perichondrium, and as chondrocytes differentiate, expression becomes restricted to cells bordering the columns of chondrocytes. These RAR␣-expressing perivascular cells are most likely osteoblast precursors as they also express type I procollagen and low levels of osteocalcin, phenotypic markers for this lineage. However, they do not express type IIA collagen, which confirms that they are not chondroprogenitors (Price et al., 1996) . These results suggest that continued RAR␣ activity inhibits the transition of prechondrogenic cells to chondrocytes in antler, as has been shown in the embryonic limb (Weston et al., 2000) . The expression of this receptor in the antler perichondrium also supports the suggestion of Weston et al. (2000) that this receptor is important in maintaining the perichondrium in a prechondrogenic state.
The distribution of RAR␤, RXR␣, and RXR␥ is, however, different from that seen in the developing limb. RAR␤ is limited to the proximal mesenchyme of the limb bud and later in development to the interdigital mesenchyme (Mendelsohn et al., 1992; Dollé et al., 1989) . In antler, this receptor is found in the skin and also in some cells at the edge of the developing cartilage columns. RXR␣ expression is ubiquitous throughout the developing limb , while in antler, expression is only seen in some perivascular cells of cartilage. RXR␥, on the other hand, is reported to be expressed only in the developing muscles of the limb and not in the developing bones . In antler, expression of this receptor is restricted to some cells at the periphery of the cartilage columns.
The major difference in retinoid receptor expression in antler and embryonic bone is the low level of RAR␥ expression in the antler. There was only a faint product corresponding to RAR␥ that was detected by RT-PCR, and in situ hybridisation revealed that it was expressed by very few cells. However, significant levels of expression of RAR␥ have been found in a number of other deer tissues, including kidney, liver, and brain (data not shown). In both chick and mouse limbs, RAR␥ is up-regulated as mesenchymal cells differentiate into chondrocytes (Koyama et al., 1999; Mendelsohn et al., 1992; Dollé et al., 1989) but no such up-regulation is seen in antler cartilage. This raises the possibility that in antler regeneration another receptor rather than RAR␥ may regulate chondrocyte differentiation. Indeed, RXR␤ was found to be expressed throughout the developing antler cartilage with its expression increasing as cells differentiate from chondroprogenitors to mature chondrocytes. However, it is possible that RAR␥ is expressed in the early antler blastema since the RAR␥ homologues, RAR ␦1 and ␦2, have been shown to play an important role in the regenerating newt blastema (Hill et al., 1993; Pecorino et al., 1994 Pecorino et al., , 1996 , and these studies are now in progress. During very early stages of development, RA may be required for establishing the branching pattern in antlers because a preliminary in vivo study showed ectoptic growths on an antler when RA was injected in the pedicle (Kierdorf and Kierdorf, 1998) .
These differing expression patterns of retinoid receptors between the developing limb and regenerating antler suggest that the control of regeneration and limb development by retinoids may involve different mechanisms. However, some of the differences may be explained by the fact that the process of bone development in antler and embryonic limb is not identical. For example, limb cartilage conden- sations are initially avascular, only being invaded by blood vessels at later stages of development. The antler, on the other hand, is well vascularised throughout its development; therefore, some cell types abundant in antler, e.g., perivascular cells, are not present in the cartilage anlagens of developing limbs. Also, the zone of type X collagen expressing hypertrophic chondrocytes is much larger in antler compared with limb (Price et al., 1996) .
Retinoic Acid Synthesis in the Growing Antler Tip
Analysis of the retinoid content of the different regions of the tips of antlers during the phase of rapid growth showed that there were significant amounts of vitamin A (retinol) in tissues at all stages of differentiation (Table 3) . However, it is difficult to draw many conclusions from this study because there was significant variability between samples. It is likely that this variability occurred because the HPLC assay was operating close to its detection limit. The levels of all-trans-RA measured were comparable with those found in developing limb buds (20 -50 nM) (Thaller and Eichele, 1987; Horton and Maden, 1995) and regenerating amphibian limbs (7-146 nM) (Scadding and Maden, 1994) . This is the first study to describe the presence of 9-cis-RA in bone, which suggests that the RXR ligand may have a specific function during regeneration. 9-cis-RA has not been detected in the developing limb, although its synthesis and release have previously been shown in the wound epidermis of the regenerating urodele limb (Viviano et al., 1995) .
It is likely that synthesis of retinoids occurs locally since the RA-synthesising enzyme RALDH2 is expressed in several regions of the antler (Fig. 6 ) and sites of expression correlate well with the presence of endogenous retinoids and the localisation of cells that respond to RA. RALDH2 is expressed in skin, in perichondrium, in the underlying mesenchyme, and in perivascular cells in cartilage which express RAR␣ and are aligned adjacent to chondrocytes which express RXR␤. Locally synthesised RA may therefore play a role in regulating both chondrocyte and osteoblast progenitor differentiation. RA may also control the activity of mature osteoblasts since RALDH2 is expressed in a population of cells that also express osteocalcin, a bonespecific protein expressed only by fully differentiated osteoblasts. There is also RALDH2 expression in the periosteum, which suggests a further role for RA in regulating progenitor cell differentiation at sites of intramembranous bone formation. This is the first study to describe the expression of RALDH2 in bone; in the embryonic chick limb, there is little RALDH2 in mesoderm; it is absent in cartilage although it is highly expressed in the perichondrium, as it is in antler (Berggren et al., 2001) .
The Effects of All-trans-RA on Antler GAG Content
Since RAs are present in significant amounts in antler cartilage in vivo and their receptors are expressed in this region, we studied the effect of RA on chondrocyte differentiation. The addition of all-trans-RA to antler cartilagederived micromasses resulted in a decrease in GAG content. This effect is similar to that described in other systems where RA treatment of cultured mesenchyme cells will inhibit differentiation into chondrocytes (Lau et al., 1993; Langille et al., 1989) , and if RA is added to chondrocytes, it will induce dedifferentiation (Iwamoto et al., 1993; Hein et al., 1984; Ballock et al., 1994; Takigawa et al., 1980) . This effect of RA on chondrocyte differentiation was shown to be dependent on RAR signalling since it could be abrogated by Ro 41-5253, an RAR antagonist. The majority of the chondrocytes in cartilage and micromass cultures express RXR␤. However, there are also cells derived from perivascular tissue in micromass cultures that express RAR␣. Our results suggest that it is these perivascular cells that respond to treatment with all-trans-RA and subsequently signal to the neighbouring chondrocytes to induce dedifferentiation. This chondrocyte dedifferentiation is associated with a down-regulation of RXR␤, presumably due to the loss of the chondrocyte phenotype. The expression of RAR␣ is also down-regulated, which indicates that the phenotype of RAR␣-expressing cells alters after RA treatment. Since there is an upregulation of RAR␤ expression associated with chondrocyte dedifferentiation, it is likely that this receptor may mediate some of the effects of RA. This is supported by experiments where embryos are exposed to RA, and ectopic induction of RAR␤ is seen in the anterior structures and in limb buds prior to any teratogenic effects (Conlon and Rossant, 1992; Mendelsohn et al., 1991 , Wood et al., 1996 . RAR␤ is directly inducible by RA via a retinoic acid response element (RARE) within its promoter region (de The et al., 1990; Sucov et al., 1990) .
The Effects of All-trans-RA on Cells of the Osteoblast Lineage
As discussed earlier, RAR␣ is expressed in perivascular cells in cartilage which we have previously shown are likely to be osteoblast progenitors (Price et al., 1994 (Price et al., , 1996 . These cells also express RALDH2 and are therefore potentially a source of RA that could act in an autocrine and/or paracrine manner to further differentiate cells along the osteoblast pathway. This hypothesis is supported by in vitro experiments where treatment of a monolayer of mesenchymal cells with all-trans-RA increased expression of ALP, a marker of the osteoblastic phenotype. This is in agreement with previous studies which have shown that RA stimulates ALP expression in mouse and rat osteoblastic cell lines (Park et al., 1997; Choong et al., 1993; Grigoriadis et al., 1986) and will induce differentiation in primary cultures of osteoblasts from both mouse and human (Slootweg et al., 1996; Oliva et al., 1993) .
In summary, our study shows for the first time the presence of the RAs, RALDH2, and the retinoid receptors in the regenerating deer antler and provides evidence that RAs regulate differentiation of antler cells. The use of Vitamin A derivatives as modulators of regeneration is a mechanism that is conserved between mammals and lower vertebrates. Deciphering the functional role of retinoids in this unique mammalian model of regeneration provides the basis for developing strategies for improving repair in skeletal tissues.
